Pumiliotoxin B (PTX-B), an alkaloid that has cardiotonic and myotonic activity, increases sodium influx in guinea pig cerebral cortical synaptoneurosomes. In the presence of scorpion venom (Leiurus) or purified a-scorpion toxin, the PTX-B-induced sodium influx is enhanced severalfold. PTX-B alone has no effect on sodium flux in N18 neuroblastoma cells but, in the presence of a-scorpion toxin, stimulation of sodium influx by PTX-B reaches levels comparable to that attained with the sodium channel activator veratridine. In neuroblastoma LV9 cells, a variant mutant that lacks sodium channels, neither veratridine nor PTX-B induces sodium fluxes in either the presence or absence of a-scorpion toxin. In synaptoneurosomes and in N18 cells, the sodium influx induced by the combination of PTX-B and a-scorpion toxin is inhibited by tetrodotoxin and local anesthetics. PTX-B does not interact with two of the known toxin sites on the sodium channel, as evidenced by a lack of effect on binding of [3Hlsaxitoxin or [3Hlbatrachotoxinin A benzoate to brain synaptoneurosomes. Synergistic effects on sodium influx with a-scorpion toxin, ,8-scorpion toxin, and brevetoxin indicate that PTX-B does not interact directly with three other toxin sites on the sodium channel. Thus, PTX-B appears to activate sodium influx by interacting with yet another site on the voltage-dependent sodium channel, a site that is coupled allosterically to sites for a-scorpion toxin, ,8-scorpion toxin, and brevetoxin.
[3Hlsaxitoxin or [3Hlbatrachotoxinin A benzoate to brain synaptoneurosomes. Synergistic effects on sodium influx with a-scorpion toxin, ,8-scorpion toxin, and brevetoxin indicate that PTX-B does not interact directly with three other toxin sites on the sodium channel. Thus, PTX-B appears to activate sodium influx by interacting with yet another site on the voltage-dependent sodium channel, a site that is coupled allosterically to sites for a-scorpion toxin, ,8-scorpion toxin, and brevetoxin.
The alkaloid pumiliotoxin B (PTX-B) has positive inotropic and chronotropic effects in isolated spontaneously beating atria (1) (2) (3) . In neuromuscular preparations, PTX-B prolongs and potentiates directly elicited muscle twitches (4) and causes repetitive firing in response to single stimuli (5) : The effects appear to be due to an inhibition of the inactivation of voltage-dependent sodium channels (5 (6) . Thus, the stimulation of turnover of inositol phospholipids by PTX-B appears dependent on initial effects at sodium channels.
The effects of PITX-B on 22Na' uptake have now been investigated in two systems that have functional voltagedependent sodium channels, namely guinea pig cerebral cortical synaptoneurosomes and neuroblastoma N18 cells. The results indicate that PTX-B interacts with a site on the voltage-dependent sodium channel and markedly activates sodium influx in the presence of a-scorpion toxin (a-ScTx), a8-scorpion toxin , and brevetoxin.
MATERIALS AND METHODS
Buffers. The following buffers were used: sodium-free incubation buffer, 50 mM Hepes (adjusted to pH 7.4 at 36°C with 50 mM Tris buffer)/130 mM choline chloride/5.4 mM KCI/0.8 mM MgSO4/5.5 mM glucose containing bovine serum albumin at 1 mg/ml; sodium influx buffer, 2.66 mM NaCl/50 mM Hepes-Tris (pH 7.4)/128 mM choline chloride/5.4 mM KCI/0.8 mM MgSO4/5.5 mM glucose containing 22NaCl at 1.3 ,uCi/ml (1 Ci = 37 GBq), bovine serum albumin at 1 mg/ml, and 5 mM ouabain; washing buffer, 5 mM Hepes-Tris (pH 7.4)/163 mM choline chloride/0.8 mM MgSO4/1.8 mM CaCl2 containing bovine serum albumin at 1 mg/ml. Synaptoneurosome Preparation. Guinea pig cerebral cortical synaptoneurosomes were obtained as described by Hollingsworth et al. (7) . Briefly, the cortex of one brain was homogenized in 7-10 vol of sodium-free incubation buffer (pH 7.4) in a glass-glass homogenizer (5 strokes). The suspension was centrifuged at this point at 1000 x g for 10 min; then the supernatant was decanted and the pellet was suspended in an appropriate volume of sodium-free incubation buffer to a concentration of =3 mg of protein/ml. Sodium Influx into Synaptoneurosomes. Sodium flux studies were conducted essentially as described by Tamkun and Catterall (8) for synaptosomes. Briefly, aliquots of synaptoneurosome suspensions containing 200-300 ,ug of protein were incubated in a volume of 100 ,4 for 10 min at 37°C with sodium-free incubation buffer containing various test agents. One hundred and fifty microliters of influx buffer containing the test agent(s) was added to the samples. The final volume was 250 ,ul. Influx of 22Na+ was stopped after 10 sec by addition of 3 ml of cold washing buffer. Samples were immediately collected on a Millipore filter (HAWP, 0.45-,um pore size) and washed with two 3-ml portions of washing buffer. Filters were dissolved in Filtron-X for liquid scintillation counting (efficiency, =99.1%). Specific uptake of 22Na+ was determined by subtracting nonspecific uptake obtained in the presence of 5 ,M tetrodotoxin from total uptake. It (1988) 1273 Sodium Influx in Cultured Cells. The procedure was essentially as described by Catterall (9) . Cells were incubated for 30 min at 370C with toxins in sodium-free incubation buffer and uptake of 22Na+ was measured for 30 sec as described (9) . Protein for each assay was measured as recovered tritium in [3H]leucine-labeled protein and calculated from specific activity of the protein determined in each experiment by the method of Peterson (10) .
[3H]Saxitonin Binding Assay. The synaptoneurosome pellet was resuspended in fresh sodium-free incubation buffer to a final protein concentration of =1 mg/ml. Incubations were carried out with -2 nM [3H]saxitonin, -30 tug of synaptoneurosome protein, and 20 Al of tetrodotoxin or PTX-B solution in sodium-free incubation buffer in a final volume of 200 pl for 30 min at 370C. Incubations were terminated by rapid filtration through Whatman GF/C filters with a cell harvester (model M-24R, Brandel, Gaithersburg, MD) and filters were washed with two 5-ml portions of washing buffer. Filters were placed in scintillation vials, Hydrofluor (4 ml) was added, and radioactivity was determined by liquid scintillation spectroscopy.
[3H]Batrachotoxinin A Benzoate Binding Assay. Incubations were carried out with 30 nM [3H]batrachotoxinin A benzoate, 1 ,M tetrodotoxin, scorpion venom (ScV; Leiurus) at 60 Ag/ml, and -400 pug of synaptoneurosome protein in a final volume of 250 ,ul of sodium-free incubation buffer (without bovine serum albumin). After 30 min at 37°C, incubations were terminated by dilution of the reaction mixture with 3 ml of washing buffer (without bovine serum albumin) and filtration through Whatman GF/C filters. Filters were washed with three 3-ml portions of washing buffer. Filters were placed in scintillation vials, Hydrofluor (4 ml) was added, and radioactivity was determined by liquid scintillation spectroscopy.
Materials. PTX-B was isolated from skin extracts of the neotropical poison-frog Dendrobates pumilio as described (11) . Batrachotoxin was isolated from the Colombian poisondart frog Phyllobates terribilis as described (12) . Carrier-free 2Na' +was from Amersham or from Dupont NEN (100-1000 mCi/mg of Na).
[3H]Saxitoxin was from Amersham (17 Ci/mmol).
[3H]Batrachotoxinin A benzoate was from Dupont NEN (40-45 Ci/mmol). a-ScTx was purified from scorpion venom as described by Catterall (13) except that ion exchange purification was performed on Mono Q column (Pharmacia). Active toxin eluted from the column at 0.4 M ammonium acetate. ScV (Leiurus quinquestriatus), tetrodotoxin, and veratridine were from Sigma. Brevetoxin B was kindly provided by K. Nakanishi (Columbia University, New York) and ,-ScTx (CssII from Centruroides suffusus), by F. Couraud (Institut National de la Sante et de la Recherche Medicale, Marseille, France). Hydrofluor and Filtron-X were from National Diagnostics (Sommerville, NJ). RESULTS PTX-B induced a small dose-dependent 22Na' influx in guinea pig cortical synaptoneurosomes (EC50, 17.3 ± 0.2 AM; Fig. 1 ). PTX-B and a-ScTx (Fig. 1) or ScV (data not shown) had a synergistic sodium influx response that was 3-to 5-fold higher than the sum of the sodium influx responses elicited by the agents individually. The potentiations were dose dependent with EC50 values of 0.6 ,g/ml and 4 nM for ScV and a-ScTx, respectively (Fig. 2) . PTX-B-induced sodium influx was also potentiated by ,-ScTx and by brevetoxin (Table 1) . PTX-B-induced sodium influx was abolished by 1 ,M tetrodotoxin and by the local anesthetics dibucaine (100 gM) and tetracaine (100 ttM) ( Table 2) .
PTX-B alone did not induce any measurable sodium influx in neuroblastoma N18 cells but, in the presence of 3 nM a-ScTx, PTX-B elicited a dose-dependent sodium influx ( Fig. 3) . The maximal sodium influx was in this case comparable in magnitude to that obtained with 50 /uM veratridine. Neuroblastoma LV9 cells, a variant mutant that lacks sodium channels, did not show any stimulation of sodium influx with veratridine or PTX-B in the presence or absence of a-ScTx (data not shown). In the presence of a-ScTx, PTX-B-elicited sodium influx was inhibited by tetrodotoxin and by the local anesthetic tetracaine in N18 cells (Table 2) . Batrachotoxin (1 ttM) induced a higher sodium influx in synaptoneurosomes and N18 cells than the combination of PTX-B and a-ScTx (Table 1) . PTX-B had no effect on sodium influx elicited by batrachotoxin alone in N18 cells, and it had no effect on binding of [3H]batrachotoxinin A benzoate or [3H]saxitoxin to guinea pig synaptoneurosomes (Fig. 4) .
DISCUSSION
A variety of indirect evidence indicates that the pharmacological activity of the alkaloid PTX-B in neuromuscular preparations is due at least in part to interaction with voltage-dependent sodium channels, resulting in a delay in inactivation of the sodium channel and repetitive firing in nerve and muscle (5) . Presynaptic effects of PITX-B on calcium channels in neuromuscular preparations are also possible (5). PTX-B presumably acts as a cardiac stimulant (1-3) through similar mechanisms. In synaptoneurosomes, PTX-B elicits inositol phospholipid breakdown that is sensitive to blockade by tetrodotoxin: The action of PTX-B in synaptoneurosomes is consistent with that of other agents that open or slow inactivation of sodium channels and thereby lead to such breakdown (6).
We have now found that PTX-B exerts a stimulatory effect on sodium uptake in neuroblastoma cells and synaptoneurosomes. The sodium influx in neuroblastoma cells (data not shown) and synaptoneurosomes elicited by PTX-B in the presence of a-ScTx was sensitive to blockade by tetrodotoxin, a specific blocker of voltage-dependent sodium channels (Table 2) . Furthermore, neuroblastoma LV9 cells, lacking voltage-dependent sodium channels, were not responsive to PTX-B. These experiments provide direct evidence of an action of PTX-B on the voltage-dependent sodium channel. Several sites have been described on the voltage-dependent sodium channel on the basis of toxin binding and the effects of toxins on channel function (14) : Tetrodotoxin and saxitoxin, agents that block channel conductance, bind to site 1, proposed to be at the external opening of the channel. Alkaloids, such as batrachotoxin and veratridine, bind to site 2, proposed to be involved in controlling channel-gating mechanisms. Such agents can cause opening of channels and stabilization of the open state. Certain peptide toxins, such bind to site 4 and cause repetitive action potentials and shift the voltage dependence of the channel activation (15) . Recently, a site 5 on the sodium channel has been proposed for brevetoxins: Such toxins allosterically enhance the bind- (1 ,uM) 0.4 ± 0.08 PTX-B + ScV + dibucaine (10 ,uM) 3.9, 3.9 PTX-B + ScV + dibucaine (100 ,iM) 0.1 ± 0.06 PTX-B + ScV + tetracaine (10 ,uM) 8.2, 9.1 PTX-B + ScV + tetracaine (100,M) toxinin A benzoate is also greatly enhanced in the presence of a-ScTx (17) . It has been proposed that a-ScTx allosterically alters the dissociation constant for the binding of alkaloids to site 2 on the sodium channel (9) .
Two lines of evidence indicate that PTX-B does not interact with site 2 of the sodium channel. First, PTX-B does not affect the response to alkaloids that act at site 2. Thus, in the absence of a-ScTx, PTX-B did not affect the sodium flux induced by batrachotoxin in N18 cells or in synaptoneurosomes (Table 1) . Other alkaloids, such as veratridine and aconitine, that are partial agonists at site 2, do reduce the sodium influx elicited by the full agonist batrachotoxin in neuroblastoma cells (9) . In synaptoneurosomes, PTX-B slightly reduces the sodium influx elicited by veratridine (data not shown) but not that elicited by batrachotoxin (Table 1) . Second, unlike the alkaloid toxins batrachotoxin, veratridine, and aconitine, PTX-B had no effect on binding of [3H]batrachotoxinin A benzoate to site 2 of the sodium channel in guinea pig synaptoneurosomes (Fig. 4) .
PTX-B had no effect on binding of [3H]saxitoxin to synaptoneurosomes (Fig. 4) and thus does not interact with site 1, which binds tetrodotoxin or saxitoxin. The sodium flux elicited by PTX-B is, however, blocked by tetrodotoxin (Table 2) , as is the case for all activators of sodium channels.
It is unlikely that PTX-B interacts with site 3 on the channel-e.g., the binding site for a-ScTx. Thus, the effects of PTX-B on sodium flux were augmented in the presence of a-ScTx (Figs. 1-3) . Since a-ScTx occupies site 3 for its effects, it seems likely that any interaction of PTX-B with site 3 would inhibit rather than potentiate the effects of a-ScTx. Furthermore, binding of [3H]batrachotoxinin A benzoate to guinea pig synaptoneurosomes, a response that is greatly enhanced by a-ScTx or ScV (17), was not affected by PTX-B (Fig. 4) .
Peptide toxins, such as ,B-ScTx, that interact with site 4 on the sodium channel induce repetitive firing in response to single stimuli in frog nerve fibers (15) . In rat brain synaptosomes, ,8-ScTx induces a small sodium influx that is additive with a-ScTx-induced flux (18) . Since PTX-B-induced sodium flux is enhanced in the presence of 83-ScTx (Table 1) , it seems unlikely that the effects of PTX-B are mediated through interaction at site 4.
Brevetoxin A has recently been proposed to interact with a site 5 on the sodium channel; Brevetoxin enhances the sodium influx elicited by batrachotoxin or veratridine and increases binding of [3H]batrachotoxinin A benzoate (19) . Unlike brevetoxin, PTX-B neither enhanced the binding of [3H]batrachotoxinin A benzoate nor enhanced the sodium influx induced by batrachotoxin. Since PTX-B and brevetoxin had synergistic effects on sodium flux (Table 1 ), it appears unlikely that PTX-B elicits effects through interaction with site 5 of the sodium channel.
Pyrethroids interact with a "site" of the sodium channel and cause repetitive firing of nerve action potentials (20, 21) . Unlike PTX-B, pyrethroids, such as fenvalerate, have no effect on sodium influx in N18 cells either in the presence or the absence of a-ScTx (data not shown). In addition, unlike PTX-B, pyrethroids apparently can augment the action of alkaloids at site 2 (21, 22) . At present, it thus seems unlikely that PTX-B acts at the pyrethroid "site" on sodium channels.
The inhibition of PTX-B action by the local anesthetic tetracaine ( Table 2) is reminiscent of the inhibition by local anesthetics of the effects of alkaloids such as batrachotoxin and veratridine (23) . Local anesthetics inhibit the binding of [3H]batrachotoxinin A benzoate to sodium channels in brain preparations by increasing the off-rate (24) . Whether the blockade of PTX-B-elicited sodium flux by local anesthetics is a direct or an allosteric effect is unknown. However, antagonism by local anesthetics represents one property shared by PTX-B and the alkaloid toxins batrachotoxin and veratridine. Other similarities are the synergisms with a-ScTx and brevetoxin. Thus, although PTX-B does not bind to site 2 on the sodium channel, it appears likely that the site in the sodium channel that interacts with PTX-B is closely associated with both site 2 and site 3 as well as the local anesthetic site(s). Furthermore, the association with site 4 for ,j-ScTx and site 5 for brevetoxin suggests a pivotal position for the PTX-B site in allosteric modulation of the function of voltage-dependent sodium channels.
In summary, direct action of the alkaloid PTX-B on the voltage-dependent sodium channel has been shown through measurement of sodium flux in neuroblastoma cells and synaptoneurosomes. The effect of PTX-B on sodium flux is greatly enhanced by two classes of peptide toxins, a-ScTx and B-ScTx, and by the marine polyether toxin brevetoxin. The effect of PTX-B is inhibited by local anesthetics and tetrodotoxin as are the effects of the alkaloid toxins batrachotoxin and veratridine. PTX-B has little or no effect on the binding of a batrachotoxin analog nor on the sodium flux elicited by batrachotoxin or veratridine. Thus, PTX-B apparently does not act through binding at known toxin sites on the channel but instead appears to induce sodium flux through the interaction with yet another modulatory site on the sodium channel.
